ABSTRACT: Twelve 9-mo-old Merino wethers (30.4 ± 3.2 kg of BW) were used in a crossover study to investigate the heat tolerance of Australian Merino sheep by testing their physiological responses to repeated heat loads that occurred during summer months. Wethers were randomly divided into 2 groups of 6 wethers each, housed individually in an environmental chamber, and subjected to 2 d of thermoneutral conditions (TNC) followed by either 7 d of TNC (maximum temperature of 24°C, minimum temperature of 16°C) or 7 d of hot conditions (maximum temperature of 38°C, minimum temperature of 28°C), and then 2 d of TNC. These treatments were applied in 2 replicates, with each replicate in a separate environmental chamber. Rectal temperature (RT) and respiration rate were measured daily at 0600, 0800, 1000, 1200, 1400, 1600, and 1800 h. Feed and water intakes were measured daily, and wethers were weighed on d 1 and 11. Blood samples were collected from each whether on d 2 and 6, and serum was assayed for concentrations of creatine, glucose, total protein, cholesterol, NEFA, calcium, sodium, and potassium. Exposure to a high ambient temperature resulted in an 0.8°C increase in RT (P < 0.001), an increase in respiration rate (P < 0.001) by 66 breaths/min, and a 2.7 L/d increase in water intake (P < 0.0001). Feed intake decreased by 22% (P < 0.0001), BW decreased by 5.2% (P < 0.03), and creatine concentration was reduced (P < 0.05). No differences (P > 0.05) between treatments were observed for any of the remaining serum variables. These results indicate that Australian Merino sheep were able to maintain RT within the normal range during exposure to a prolonged increase in heat and that they recovered quickly from the negative effect of heat stress within 2 d of conditions returning to TNC. It would appear that they have a high heat tolerance, and further studies are needed to examine the effects of a greater heat load to determine the temperature-humidity index thresholds for Australian Merino sheep.
INTRODUCTION
Sheep are an important livestock resource in many parts of the world. In many countries, sheep are raised in arid and semiarid regions characterized by extreme summer temperatures (Glimp and Swanson, 1994; ABS, 2008; MLA, 2008) . Climatic factors, such as high ambient temperature, high relative humidity (RH), high solar radiation, and low wind speed can induce a heat stress response in heat-susceptible animals. The heat load may, for at least part of the year, induce physiological and behavioral changes that contribute to a decrease in production and reproduction, and could impair immune function (Fuquay, 1981; Finocchiaro et al., 2005) . Biologically, animals are able to minimize adverse effects of a high heat load by invoking physiological mechanisms, such as an increased respiration rate (RR), an increased sweating rate, changes in endocrine function, and a reduced metabolic rate (McDowell, 1972; Magdub et al., 1982; Sevi et al., 2001) . When the physiological mechanisms fail to alleviate the effect of heat load, the body temperature may increase to a point at which animal well-being is compromised.
Physiological indictors, such as rectal temperature (RT) and RR, have been widely used to evaluate heat stress responses in cattle (Gaughan et al., 1999 (Gaughan et al., , 2008 Mader et al., 2002; Eigenberg et al., 2005) . Several studies have investigated the heat stress response in sheep (Eyal, 1963a,b; Bhattacharya and Uwayjan, 1975; Entwistle, 1975; Ames and Brink, 1977) . It is important to note that while research on heat stress in sheep was discontinued, selection practices since the 1960s have genetically altered sheep; therefore, there is a need to investigate the heat stress response in the current genotypes (Sevi et al., 2001; Beatty et al., 2008) . The objective of the present study was to determine the physiological responses of Australian Merino sheep to environmental conditions that induce heat stress.
MATERIALS AND METHODS
The study was undertaken at The University of Queensland, Gatton Campus, Australia, with the approval of The University of Queensland Animal Ethics Committee.
Animals and Experimental Design
Twelve 9-mo-old castrated male Merino sheep (mean BW = 30.4 ± 3.2 kg; wool length approximately 35 mm) were used in a 22-d crossover study. The sheep were housed in elevated (approximately 1 m above the floor) metabolism pens (1.5 × 0.5 m) in an environmental chamber. Each metabolism pen was fitted with a feed trough and a 10-L plastic water bucket. The facility consisted of 2 rooms, each containing 6 metabolism pens. The rooms could be exposed to the same environmental conditions, or the climatic conditions could vary between rooms.
The wethers were randomly assigned to a treatment (room) and a pen within treatment. After the first replicate, the wethers were randomly allocated to a pen and exposed to the alternate treatment. Wethers were given a 1-wk adaptation period in the metabolism pens immediately before the study commenced. The treatments imposed were as follows: treatment 1, thermoneutral conditions (TNC): 11 d of TNC [maximum temperature (T MAX ) of 24°C, minimum temperature (T MIN ) of 16°C]; treatment 2, hot conditions: 2 d of TNC (T MAX of 24°C, T MIN of 16°C) followed by a 7-d period of increased ambient temperature (T MAX of 38°C, T MIN of 28°C), and then 2 d at TNC. Within the hot conditions, the dry bulb temperature (T db ) was programmed to increase by 2.5°C/h from 0800 h, reaching T MAX at approximately 1200 h, and was then maintained at T MAX until 1800 h. From 1800 h, T db was decreased and reached T MIN by approximately 2000 h, and was then maintained at T MIN until 0800 h the next day. The RH for both the TNC and the hot conditions was maintained at approximately 50%. The wethers were exposed to a lighting regimen of 13 h on (0500 to 1800 h) and 11 h off. The light intensity was 580 lux. This protocol was designed to simulate the cyclic diurnal variation during the summer in the southwest Queensland region of Australia.
On completion of the first replication, the wethers were removed from the metabolism pens and were group housed (within their treatment group) in 3 × 5 m pens in an open-sided shed. The wethers remained in the group pens for 7 d, during which time they were exposed to natural ambient conditions (T MAX of 23°C; T MIN of 10°C). On the morning of d 8, the wethers were taken back to the climate chamber and allocated to the treatment to which they had not previously been exposed.
Wethers were offered chopped alfalfa hay (Medicago sativa; 1.08 Mcal of ME m /kg and 14.2% CP on a DM basis) at 2.5% of BW, calculated to provide maintenance energy requirements (NRC, 1985) , once daily at 0730 h. The medium-quality roughage was used to reduce metabolic heat production. Water was available ad libitum. Feed and water intakes were measured daily at 0700 h.
Measurements and Sampling
The T db and RH were measured in each room at 15-min intervals using RH/temperature sensors (EH-010A, ARC Systems Inc., Surrey, Canada) and stored on a data logger (Min-Mitter, Sunriver, OR) until downloaded. The EH-010A sensors were located at a midpoint in each room at a height of 1 m above the floor and approximately 2 m from the sheep. The sensors were calibrated before the study and checked for accuracy at the end of the study. The 15-min T db and RH data were averaged over 1 h, and the hourly temperature-humidity index (THI) was calculated using the following equation (adapted from Thom, 1959) ; THI = (0.8 × T db ) + [(RH/100) × (T db − 14.3)] + 46.4.
Wethers were weighed between 0700 and 0730 h on d 1 and 11 of each replication. Individual RT and RR were obtained at 2-h intervals between 0600 and 1800 h from d 1 to 11. Respiration rate was determined by counting flank movements over 20 s. The counts were then converted to breaths per minute (bpm). Rectal temperature was measured using a digital rectal thermometer (Jackel Pty. Ltd., Sydney, Australia).
Blood samples (10 mL) were collected from each wether via jugular venipuncture once during TNC (d 2) and once during hot conditions (d 4) using 10-mL Vacutainer tubes (BD, Franklin Lakes, NJ) for serum collection. The samples were allowed to clot for at least 60 min at room temperature (25°C) before being centrifuged. Serum was obtained by centrifugation at 2,400 × g for 20 min at 4°C, and was then frozen at −20°C until analyzed. The serum was assayed for glucose, total protein, cholesterol, NEFA, creatine, sodium, and potassium using an autoanalyzer (Olympus AU2700, Center Valley, PA) according to the manufacturer's procedures.
Statistical Analysis
All data were analyzed using a repeated measures model (PROC MIXED; SAS Inst. Inc., Cary, NC). Each day of observations was analyzed separately, with the model for all measurements including the fixed effects of treatment, time of day, and the interactions between them, as well as the effects of period and animal. Individual animal within replication combinations were considered subjects, and a first-order autoregressive covariance structure was assumed between the 2-h observations. The random variable (error term) was sheep within treatment. Data are presented as least squares means, and differences were considered significant at P < 0.05.
RESULTS

Environmental Conditions
Mean climatic conditions during the study are presented in Table 1 . During d 1 and 2 of TNC (both treatments), the means ± SE for T db , RH, and THI were 22.4 ± 2.4°C, 53.6 ± 9.6%, and 68.6 ± 2.3, respectively. Between d 3 and 9, mean T db for the TNC and hot conditions were 23.2 ± 2.2°C and 37.4 ± 1.9°C, respectively. Mean RH between d 3 and 9 were 51.9 ± 1.8% and 49.8 ± 2.6%, respectively, for the TNC and hot conditions. The mean THI values during this period were 69.6 ± 3.0 and 87.8 ± 3.2, respectively, for the TNC and hot conditions. From d 10 and 11 (TNC for both treatments), the mean T db, RH, and THI were 23.6 ± 3.2°C, 49.3 ± 2.7%, and 69.8 ± 4.6, respectively.
RT and RR
Mean daily RT and RR for each period within treatment are shown in Table 2 and in Figures 1a and 1b. During the 2 TNC periods (d 1 and 2; d 10 and 11), RT and RR were similar across treatments (P > 0.05), averaging 39.1°C and 39.6 bpm, respectively. However, during exposure to hot conditions (d 3 to 9), the mean RT was 0.8°C higher (P = 0.001, 39.8 ± 0.5°C vs. 39.1 ± 0.3°C), and RR was more than 2.5 times greater (P = 0.0001) for wethers exposed to hot conditions compared with those exposed to TNC (109.9 ± 15.8 bpm vs. 39.4 ± 3.4 bpm). The variability between wethers in the hot conditions for RT and RR was large, and the maximum values of RT and RR recorded in this period were 41.5°C and 146 bpm, respectively, whereas the minimum values of RT and RR recorded were 39.3°C and 88 bpm, respectively. Rectal temperature and RR for wethers in hot conditions returned to normal and were similar to those of wethers in TNC from d 10 to 11, when T db in the hot room was reduced from 38 to 24°C.
Treatment effects, time of day effects, and treatment × time of day interactions (P < 0.001) for RT were found for d 3 to 9 (Figure 2a ). For wethers exposed to hot conditions, the mean RT between 1000 and 1800 h was 40 ± 0.6°C, which was greater (P < 0.05) than the mean RT of the same sheep (39.7 ± 0.4°C) between 0600 and 0800 h. The RT wethers in TNC (38.9 ± 0.3°C) changed little between 0600 and 1000 h, and then underwent a gradual increase to 39.5 ± 0.4°C by 1800 h (Figure 2a) .
A treatment × time of day interaction (P < 0.05) was found for RR from d 3 to 9 (Figure 2b ). Wethers in hot conditions had greater (P < 0.001) RR at 0600 h than did wethers in TNC (81.8 ± 11.2 bpm vs. 36.7 ± 4.8 bpm). Differences between treatments in RR (average 66.8 bpm) were observed over the treatment period. The greatest difference between treatments in RR (85.3 bpm) was observed at 1800 h (125.6 ± 16.3 bpm vs. 40.3 ± 3.8 bpm). An effect of time of day (P < 0.05) on RR was observed for wethers exposed to hot conditions. Respiration rate of these sheep increased from 81.8 ± 11.2 bpm at 0600 h to 125.6 ± 16.3 bpm at 1800 h. By contrast, no time of day effects (P > 0.05) were observed for RR of wethers in the TNC treatment (range of 36.7 to 43.4 bpm). The average DMI, water intake, and change in BW are presented in Table 3 . Average DMI and DMI expressed as a percentage of BW for all wethers during the initial TNC (d 1 to 2) were 820 g/d and 2.76% of BW, respectively. However, the DMI of wethers exposed to hot conditions decreased by 6.2% between d 3 and 9 of the hot conditions when compared with their intakes during the initial period of TNC (774 vs. 825 g/d). The DMI of wethers in the hot conditions was 22.1% less (P < 0.0001) than the DMI of wethers in the TNC during the same period (774 vs. 1,008 g/d). The DMI in heat-stressed wethers declined further on d 10 and 11 compared with the DMI of wethers in the TNC (14.2%; 902 vs. 1,029 g/d).
No difference (P > 0.05) was observed in average daily water intake between the treatments from d 1 to 2 and d 10 to 11, when all wethers were under TNC. However, from d 3 to 9, water intake for wethers in the hot conditions increased (P < 0.0001) by 159% compared with their water intakes during the initial period of TNC (d 1 to 2; 1.7 vs. 4.4 L/d), and was 214% greater (P < 0.0001) when compared with the water intake of wethers in the TNC (4.4 vs. 1.4 L/d). Final BW was not affected (P > 0.05) by treatment. However, wethers subjected to hot conditions lost 5.2% of their BW (29.0 vs. 30.6 kg) compared with their initial BW.
With the exception of creatine, which was 14.4% less (P < 0.05) in the serum of wethers exposed to hot conditions (83 vs. 97 mmol/L), no differences (P > 0.05) were observed between wethers in hot conditions and in TNC for any of the remaining serum variables measured (Table 4) .
DISCUSSION
It is generally accepted that the upper critical temperature for sheep lies between 25 and 30°C and that heat stress occurs when sheep are exposed to temperatures in excess of 30°C (Fuquay, 1981) . The mean THI for d 3 and 9 (hot conditions) in the current study was 87.8 ± 3.2, which is equivalent to moderate heat stress (Fuquay, 1981) . Although the wethers in the current study were not exposed to severe or extreme climatic conditions, the conditions were harsh enough to invoke a heat stress response.
In the current study, RT increased as THI increased. Although RT remained within the normal range for Merino sheep (37.5 to 40.5°C; Hopkins et al., 1978) , the increase in RT was sufficient to suggest that the wethers in the hot conditions experienced heat stress. In most homeothermic species, RT is held relatively constant (Yousef, 1985) . The changes in RT reported in the current study were similar to those of Hofman and Riegle (1977) , who reported that the RT of Merino sheep increased from 39.1 to 39.7°C when the T db increased from 25 to 40°C. In addition, Srikandakumar et al. (2003) reported that the RT of Merino sheep subjected to hot conditions (T db = 36 to 44°C; RH = 35 to 95%) was 0.3°C higher than the RT of Merino sheep subjected to lower ambient temperatures (T db = 22 to 24°C; RH = 60 to 100%).
An increase in RR of sheep exposed to a hot environment is expected. This response is mainly because in sheep, the primary cooling mechanism during periods of high heat load is from the evaporation of moisture via the respiratory system (i.e., via panting; Hales and Brown, 1974) . The total heat loss from the respiratory tract accounts for approximately 65% of the total heat dissipation in sheep (Hales and Brown, 1974 ). In the current study, the RR of the Merino wethers exposed to elevated ambient temperatures were in the range of 80 to 120 bpm, which Silanikove (2000) determined to be an indicator of increased stress. The increase in RR in the current study is in agreement with Beatty et al. (2008) , who reported that RR in shorn Merino wethers increased from 40 to 119 bpm when T db increased from 25 to 33°C.
Typical responses of livestock to an increased heat load are decreased feed intake and increased water intake (Finch, 1984; Hahn, 1999; Nienaber and Hahn, 2007) . The reduction in feed intake suggests an im- Within a row, means without a common superscript differ (P < 0.05). 1 Values are the means of 12 wethers/treatment. Sheep were subjected to 2 d of TNC (24°C) followed by 7 d of TNC or hot conditions (38°C), and then 2 d of TNC.
2 bpm = breaths per minute.
mediate adaptive response to hot conditions, in which the reduced feed intake assists in decreasing the heat generated by ruminal fermentation and body metabolism, and therefore contributes to the maintenance of body temperature (Turner and Taylor, 1983) . In this regard, the reduction in feed intake in the present study is in agreement with the results of Savage et al. (2008), who reported that exposure of Merino sheep to a T db of 40°C for 8 d reduced DMI by 26.7% compared with the DMI of sheep subjected to a T db of 20°C (1,126 vs. 1,536 g/d).
The increased water consumption during hot conditions in the present study is also part of the thermoregulatory response. Increased water consumption is a consequence of increased water loss via evaporation (increased RR and sweating) as the animals attempt to increase body heat loss (Hales and Brown, 1974; Johnson, 1991) . Furthermore, Hopkins et al. (1978) estimated that the daily evaporative water loss for Merino sheep subjected to hot conditions (40°C) was 83 to 115 mL/ kg of BW, whereas this value of evaporative water loss ranged between 25.1 to 36.4 mL/kg of BW in sheep maintained at a T db of 20°C (Degen and Young, 1981) . The greater water consumption of wethers exposed to hot conditions in the current study is in agreement with the results of Savage et al. (2008) , who reported a greater water intake (9.9 L/d) in adult Merino sheep subjected to a T db of 40°C for 8 d compared with Merino sheep subjected to a T db of 20°C (5.6 L/d) for 8 d.
The negative effect of heat stress on the BW of animals has been well documented (Hahn, 1999; Marai, et al., 2007) . Although the reductions in BW occurred for all wethers between treatments (hot conditions and TNC) in the current study, BW loss was greater during the hot period compared with BW loss during the thermoneutral period. The loss in BW during hot conditions is essentially a result of reduced DMI and an increase in maintenance requirements caused by the increased RR (Marai et al., 2007) .
In the current study, wethers exposed to hot conditions had decreased concentrations of serum creatine compared with those exposed to TNC. Similar findings were reported by Marai et al. (1995) for Friesian calves. The concentration of creatine in calves decreased from 160 to 129 mmol/L when T db increased from 20 to 35°C (Marai et al., 1995) . The mechanism by which the concentration of serum creatine is affected by heat stress has not been fully investigated. However, the reduction in creatine concentration in the present study could be attributed to an increase in muscle activity in the respiratory system and thoracic cavity caused by an increased RR and increased oxygen consumption during hot conditions (Kurahashi and Kuroshima, 1977; Wyss and Kaddurah-Daouk, 2000; Mendel et al., 2005; Brosnan and Brosnan, 2010) .
The exposure of the wethers in the current study to hot conditions had no effect on serum concentration of glucose, total protein, cholesterol, NEFA, calcium, potassium, or sodium. There does not appear to be a consistent effect of heat stress on these metabolites in sheep. Srikandakumar et al. (2003) reported that the concentration of glucose in plasma for Merino sheep subjected to high ambient temperatures (T db 35.6 to 43.9°C, and RH 35 to 95%) increased from 3.72 to 3.80 mmol/L, and they attributed this increase in glucose concentration to increased body fat mobilization (22% of BW in Merino sheep is carcass fat). In contrast, decreased glucose concentrations in plasma during hot conditions have been reported for sheep (Nazifi et al., 2003) and cattle (Itoh et al., 1998) . The reduced glucose concentration may be due to the marked decrease in DMI and an increased negative energy balance during hot conditions (Ames et al., 1971; Marai et al., 2007) . Similar responses have been reported for dairy cows (Wheelock et al., 2010) . The results of serum concentrations of total protein, cholesterol, and NEFA in the current study are in agreement with previous studies that have shown no effect of heat stress on these variables in sheep (da Silva et al., 1992; Nazifi et al., 2003; Srikandakumar et al., 2003) . In addition, exposure to heat stress in the present study had no effects on the concentrations of calcium, potassium, or sodium. Srikandakumar et al. (2003) also reported that potassium and sodium concentrations were not affected by heat stress. However, they did report a decrease in plasma calcium. Studies with cattle have also shown a reduction in plasma concentrations of these minerals (Kume et al., 1987; Schneider et al., 1988) . Table 3 . Dry matter intake, daily water intake, initial and final BW, and BW change in wethers exposed to thermoneutral conditions (TNC) Within a row, means without a common superscript differ (P < 0.05). 1 Values are the means of 12 wethers/treatment. Wethers were subjected to 2 d of TNC (24°C) followed by 7 d of TNC or hot conditions (38°C), and then 2 d of TNC. Within a row, means without a common superscript differ (P < 0.05).
1
Values are the means of 12 wethers/treatment. Wethers were subjected to 2 d of TNC, followed by 7 d of TNC (24°C) or hot conditions (38°C), and then 2 d of TNC.
In conclusion, exposure to hot conditions induced a physiological response in the wethers, suggesting that they were heat stressed (moderate). However, metabolic responses (except creatine) were not useful indicators of heat stress in sheep. It appears, based on physiological changes and changes in DMI, that sheep are able to recover from the effects of heat stress within a few days of hot conditions abating. These findings suggest that Australian Merino sheep are heat tolerant (within the range of conditions to which they were exposed).
Although the modern Merino sheep are genetically different from those of 40 yr ago, selection practices have resulted in animals that are suited to the harsh environments in which they are expected to live. It would appear that the heat tolerance of Merinos has not been compromised by selection practices. However, it would be useful to undertake further studies to examine the effects of a greater heat load and longer duration of exposure to hot conditions to develop THI thresholds for Merino sheep.
